I. Introduction
he aeroelastic instabilities and their control are topics that attracted considerable attention in the aerospace scientific literature in the last decade. In particular, aeroelastic phenomena such as divergence, flutter, and LCOs have been carefully investigated [1] [2] [3] and, for many cases, the instability boundaries were determined with reasonable accuracy, using theoretical and experimental techniques for various operation conditions. However, unpredictable structural damages can lead to unexpected aeroelastic behavior within the nominal flight envelope, which points to the importance of active control the response of the lifting surfaces to prevent any potential aeroelastic-derived failure. In these circumstances, changes in the structural properties modify the nonlinear system dynamic response, which requires robust adaptive control law to be handled properly. Different research teams have proposed different control laws and architectures, designed and tested both numerically, in simulation environment, and experimentally, with wind tunnel trials or flight-testing. In [4] [5] [6] ] the authors developed and tested their control algorithms for the Benchmark Active Control Technology (BACT) Wind-Tunnel Model, while in [7] [8] [9] ] the authors designed and tested their control laws for the Nonlinear Aeroelastic Testbed Apparatus (NATA) [10] at Texas A&M University. In [11] the authors tested and validated several adaptive control architectures on similar 2D aeroelastic model. The control systems developed, including the most recent neural network [12] , adaptive back-stepping [13] and L_1 adaptive controller [14] , have been applied to wing models, in simulation or experimental setup, with either a single trailing edge control surface or a combination of leading and trailing edge control surfaces. Some issues related to the latter solutions can be highlighted; these are trailing edge flap saturation, being the flap displacement usually constrained between +/-10 degrees, and leading edge slat actuation system complexity. The work presented in this paper investigates the effectiveness of an original configuration, which would represent a possible alternative and a solution to the previous mentioned issues. Specifically, a novel coordinated multiple spoiler actuation strategy for flutter suppression, is evaluated. A cross simulation/experimental approach is used to obtain the final configuration of the actuation system. The innovative test article consists of a wing section equipped with multiple-spoilers installed on a strip, located at the 15% of the chord length, with a predefined and coordinated actuation strategy. The proposed architecture, optimized through computational fluid dynamics (CFD) analysis, is fabricated and tested in the wind tunnel to validate the aerodynamic properties of the wing section. The experimentally obtained nonlinear aerodynamic database is used in conjunction with a classical nonlinear plunging/pitching structural model, implemented in a simulation environment, to investigate the dynamic response of the proposed wing configuration aeroelastic model. The resulting aeroelastic model exhibits a supercritical Hopf-bifurcation behavior, that is a stable Limit Cycle Oscillations (LCOs) past the flutter speed. The open and closed loop responses of the system are investigated and compared to a trailingedge flap solution of the same wing section. The regulation problem is obtained for a normalized Model-ReferenceAdaptive-Controller (MRAC) scheme, modified for performance improvement [11] . The same algorithm is applied to both plants to validate the robustness and the adaptation capabilities of the implemented control scheme. Sensitivity analyses to external gust disturbances, demonstrate the efficacy and solidity of the overall configuration investigated.
II. Aeroelastic Model
The aeroelastic system under examination consists of a two degree of freedom (DOF), nonlinear plunging/pitching structural model coupled to the aerodynamic model representative of the real, wind tunnel tested, prototype of the proposed wing configuration. The design process, as reported in [15] , went through several steps aiming to optimize T the flutter control capabilities for a finite rectangular wing with a NACA0024 airfoil using multiple coordinated spoilers. The particular choice of airfoil was due to the actuators (linear solenoid push-type actuators) and the space requirements for their installation. The spoiler location, 15% of the chord length from the leading edge, as well as their size and the opening angle, are the results of CFD analyses carried out with the objective of maximizing the produced pitching moment while minimizing the drag. The prototype has five different spoiler sections, installed in series covering the entire wingspan length. This solution allows the individual actuation of spoilers to provide a range of lift and moment increments, Δ and Δ in terms of coefficients, differently from the operation of a single, gradually activated spoiler. The spoiler stripe has also a predesigned opening strategy intended to preserve pressure distribution symmetry on the wing upper surface, so to avoid undesirable roll moment [15] . Numbering the spoilers progressively, 1 to 5, from left to right along the wing section span, the opening strategy sequence is: spoiler #3, #2-4, #1-3-5,#1-2-4-5 and finally #1-2-3-4-5. The schematic view of the aeroelastic configuration described is reported in Figure 1 , where the parameter is the number of active spoiler. The plunging ℎ ( ), positive downward, and pitching ( ), measured from the horizontal at the elastic axis of the airfoil and positive nose up, displacements are restrained by a pair of springs attached to the elastic axis (EA) of the airfoil with spring constants,
, respectively. Here, ( ) denotes a continuous, linear parameterizable nonlinearity, that is, the aeroelastic system has a continuous nonlinear (5th-order) restoring moment in the pitch degree of freedom (DOF). As explained afterward, the deduction and incremental values of lift and pitching moment, are functionally related to the parameter and the spoiler effectiveness factor ( ) , which takes into account of the selected spoiler opening sequence. Additionally, it should be noted that the actuator working frequencies are one order of magnitude faster than the aeroelastic properties of the model analyzed and for this reason will be neglected in the model dynamic equations. An existing wing section experimental test article is used, hence it was chosen not to describe the aerodynamic force and moment by any preexisting analytical unsteady or quasi-steady form [16] [17] [18] [19] [20] [21] but rather, using an approach common in flight simulation [22] , by the use of an aerodynamic database experimentally obtained by wind tunnel testing.
This approach allows us to include in the model nonlinearities given by stall and the actual contribution of the spoiler activation strategy to the aerodynamic loads. The equations describing the aeroelastic model in Fig. 1 . In the figure, the lines represent configurations going from 0 (clean) up to all 5 spoiler active. As can be noticed, with this approach, nonlinear stall region of the wing and the nonlinear effect of the spoiler activation are implicitly included in the formulation. The wing section in post-flutter conditions exhibits LCOs, hence it is assumed that the aerodynamic angle of attack , used to interpolate the data can be written as:
where is the geometrical pitch angle, and ( ) are respectively the dimensionless distance between the mid-chord and the elastic axis and the semi-chord of airfoil, and the contributions of both the plunge and pitching velocities are taken into account. The analytical expressions of the lift and aerodynamic moment factoring the experimentally evaluated coefficients are: 
where ( ) is the single spoiler lift effectiveness factor, (Δ
is the single spoiler lift increment at maximum deflection for given AoA,
takes into account of the compressibility, ( ) of the flexibility of the wing section and the summation is extended to the number of operating spoiler panels, . In the wing configuration prototyped the spoiler works in a binary on/off mode, with maximum and unique deflection allowed at 85 , the airflow is uncompressible and the wing properties are lumped in a single 2D section, which is by definition rigid. Therefore, equation (6) reduces to
Analogous considerations are applied to the pitching moment coefficient, which final equation has exactly the same form
The nonlinear trend of the spoiler aerodynamic increments is attributed to the nonlinearity of the effectiveness factor, which varies with the number of the open spoilers, their location and consequently to the opening strategy [15] . To evaluate the robustness and effectiveness of the proposed architecture a wind gust model is introduced in the nonlinear equation system. This means adding to the aerodynamic angle of attack, used to interpolate the coefficients database, the contribution given by the gust velocity profile, which in a two dimensional problem it is reduces to Δ = atan( ( )/ ). Herein ( ) denotes the disturbance velocity (vertical direction only) and is a dimensionless time defined as = / . Consequently, the effective angle of attack formulation , adopted in the actual lift and aerodynamic moment expressions, is given as:
The proposed aeroelastic model, with the parameters set as in Table 1 , exhibits periodic LCOs beyond a critical value of the free stream velocity in the absence of wing gust, that is = 7.5 / . The uncontrolled plant response in both DOF is reported in Fig. 3 in the form of phase diagrams. In the comparative trailing-edge flap configuration, of the same aeroelastic system, the aerodynamic force and moment are modified to account for flap deflection effect. In particular, the terms Δ = − to the lift and the aerodynamic moment equation [11] . Obviously, in this case, and are allowed to assume values belonging only to the clean configuration. The aeroelastic equation of motion (1) 
III. Modified Model Reference Adaptive Controller Application
To regulate the self-sustaining LCOs a control law must be associated to the spoiler's actuation system. Instead of the simple proportional integral derivative (PID) controller used in the first experimental evaluation of the novel architecture [15] , which required a long tuning process for the complexity of the problem, an adaptive control architecture has been chosen for this application. In particular, an MRAC scheme, modified for performance improvement both in adaptation rate and tracking error, is selected. This choice is made for consistency of result comparison and validation purpose of the control law, since the same control architecture can be applied, with few modifications, to a trailing-edge flap configuration of the same wing. The latter represents the reference benchmark for results evaluation. The control objective, as literature suggests [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , is to regulate to zero the pitch angle , while adaptively compensating for uncertainties and nonlinearities in the model parameters. It has been already proven, that controlling is sufficient to regulate simultaneously also the plunge displacement ℎ. As a result, only the pitch angle and its derivative, are consider observable, so that = [ ̇] . The MRAC scheme control problem formulation, as reported in [23] consist in designing ( ) such that all the states ( ) in the closed-loop system are uniformly bounded and track the state vector of a desired reference model The standard solution for this problem is:
where θ( ) is the estimate of the unknown parameters θ * ( ), which is the adaptation parameter vector. However, as far as a regulation problem is concerned, when the term 0 ( ) goes to zero the solution reduces to ( ) = −θ T ( ) ( ). Performance improvement is obtained by enriching the control signal with an extra term as hereafter described. Equation (10) belongs to a class of plant that can be rewritten in an amenable form to model reference control schemes as
where ∈ ℝ is the state vector, assumed to be measurable, ∈ ℝ is the control input, θ * ∈ ℝ is an unknown parameters vector belonging to a known compact convex set Ω ⊂ ℝ , ∈ ℝ × is Hurwitz and ∈ ℝ are known and the pair ( ; ) is controllable. As proved in [23] , the fact that the parameter θ * appears linearly in Eq. (13) does not mean that the dynamics are linear. It is straightforward to show that Eq. (11) can be rearranged to obtain the parametric form of the same problem and develop the improved MRAC scheme that works on normalized signal. Defining ( ) = ( − ) −1 , eq. (11) can be rewritten as
By the use of controllability properties and selecting a vector 0 ∈ ℝ so that ( ) ≜ 0 ( ) is a strictly proper minimum-phase transfer function, the parametric expression of the model is obtained as
where ( ) = 0 ( ) − ( )[ ( )] and ( ) = ( )[ ( )] are available for measurements. The structure and parameters of the unmodeled dynamics are assumed unknown. As already mentioned, performance improvement is obtained by enriching the control signal with an auxiliary input , which involves filtering of a feedback signal, as follows
where , and * is the relative degree of ( ), while > 0 is a design parameter. The associated adaptive algorithm is expressed as
where is the estimation error and is defined as ( ) = ( ( ) −̂( )) / The design parameters are maintained unaltered with respect to the flap configuration for obvious consistency requirements in the adaptive law performance evaluation and validation. The only difference between the two control laws consist of an effectiveness parameter conversion acting on . Spoilers accept as input a discrete value which range is 0 to 5, while trailing-edge flap input is a continuous value in degree bounded between ± 10 degree. For this reason a conversion look-up table, acting on the control signal, was introduced to convert the continuous value in the integer number of open spoilers that produce the corresponding aerodynamic effect.
IV. Simulation Results
The effectiveness of the architecture proposed is verified by an extensive set of simulations, of which the most relevant results are presented and discussed in this section. A trailing-edge flap configuration of the same wing section, coupled with the same modified MRAC adaptive controller is implemented and used as benchmark for a better evaluation of the obtained response. The geometrical, mass and inertial properties of the plant are reported in Table 1 . The aerodynamics properties were already extensively discussed in Section II. Two significant sets of results are reported to show the efficacy of the architecture proposed.
A. Flutter and post-flutter closed loop response
The closed loop responses at flutter and post-flutter velocity are analyzed for both, multiple spoiler and trailingedge flap control surface configurations and time histories of pitch angle and control signal are presented and compared. All the simulations are carried out inducing periodic LCOs by perturbing the dynamical system from its equilibrium condition by a pitch angle = 0.1 , at a fixed free stream velocity equal or higher than the flutter threshold. In the first set of simulation, the effectiveness and robustness of the control action is evaluated by activating the controller at different time instant, which corresponds to different induced LCOs regimes. As was noted before, only the most meaningful results are reported hereafter, despite the large number of simulations performed. In particular, flutter ( = 7.5 / ) and post-flutter ( = 1.5 • = 11.25 / ) with controller activation at = 10
, which represent the most critical conditions of the first set of simulations, are analyzed and discussed. The numerical integration in all the simulations is performed using a fourth-order Runge-Kutta solver with a sampling time = 0.001 . Figure 5 , clearly show that the proposed multiple spoilers' actuation strategy is able to effectively damp out flutter and post-flutter oscillations. In addition, the results obtained constitute a proof of robustness for the modified MRAC scheme designed with normalized signals. In fact, the results shows that the applied control law effectively converge with fast adaptation capabilities despite the high nonlinearities (structural and aerodynamic) and uncertainties (different control surface architecture) in the plant. Comparative analysis suggests that although convergence to zero is guaranteed, the spoiler configuration is more sensitive to wind speed increment. In the nominal , −0. flutter condition, Figure 4 , a time delay of about 3 second is observed. In the post-flutter simulation case reported in Figure 5 , there is small performance deterioration shown by the spoiler solution. However, the absence of overshoot and steady state tracking error as well as a relatively fast transient, that is convergence obtained between 3 and 6 seconds from controller activation instant, are all proofs that a satisfactory response can be achieved in time domain by the proposed actuation solution. Moreover, since the spoilers are installed and operate only on one side of the wing, which means that are active only on one-half of the periodic oscillations, further considerations can be drawn as follows. Analyzing the control signals time history, where up to 5 spoilers have been used simultaneously, assuming an analogous power supply for both cases, the power consumption by the coordinated multiple spoiler actuation system is approximately 65% smaller than the standard flap configuration. This is a worthwhile saving when considering the application of the controller to an all-electric unmanned aircraft. Moreover, a combined action of the two actuations system could increase the efficacy and safety of damping the flutter avoiding saturation on the trailing edge flap control surface.
Figures 4 and

B. Closed loop response to gust
The second set of simulations concerns the robustness survey of the novel architecture to external disturbances that are different gust distributions. Similar to [17] , three different velocity distributions of and the controller is on at time zero, in the presence of the gust action. Figures 7 and 8 , respectively, show the pitch angle and control signal time histories demonstrate the robustness of the control architecture proposed. The spoilers are able to counteract all of the external gust disturbances with extremely small changes in the response, both for pitch angle and control action. The considerable increment of pitching moment, generated by the coordinated multiple spoiler strategy, makes the transient response almost unaffected by the different gusts applied. However, small residual oscillations about the equilibrium position or small drift from the zero angles can be observed in the time-history graphs. This is due to the spoiler binary action of the model, which create a dead zone of activation for a pitch angle less than 0.5 degrees.
Nevertheless, this is a negligible vibration behavior for the wing and the issue can be easily solved by implementing a gradual opening strategy at least for the first spoiler. 
V. Conclusions
In this paper, a multiple spoiler configuration, with predefined and coordinated actuation strategy, designed to control flutter and post-flutter limit cycle oscillations is presented. Based on computational fluid dynamics (CFD) studies, the proposed wing-spoiler configuration is fabricated and tested in the wind tunnel to obtain the nonlinear aerodynamic database implemented in the simulation model. A well-known, preexisting plunging/pitching nonlinear structural model is adopted for the aeroelastic system. The same aeroelastic plant is modified to account for trailingedge control surface effect, which is used for validation and results comparison purpose. A normalized model reference adaptive control (MRAC) scheme, modified for performance improvement, is applied to both plants and regulation of the states dynamics to zero is obtained with the same control algorithm, which provides additional validation proofs to the scheme's robustness and adaptation capabilities. Comparison of performances demonstrates that the spoiler control architecture represent a viable alternative and can even surpass the standard trailing-edge flap controller by providing energy saving and additional safety. In addition, sensitivity analysis to external gust disturbances is performed with positive outcomes that confirm the effectiveness of the control architecture proposed. Further analyses, as a multi-input multi-output control of the same aeroelastic system with combined action of spoilers and flap, are planned as future work. 
